The paper proposes a control structure for the optimization of the microalgae cultivation process in photobioreactors, which uses a performance criterion that includes productivity and light use. A 16 th order first principles dynamic model was used in the analysis of the control structure. The main results noted in the paper are the following: the realistic evaluation of the performances of the extremum seeking algorithm, solving the optimization problem; the analysis of two light supply control methods; and the identification of two approaches able to replace the extremum seeking optimizer with a biomass control loop that operates at an optimal setpoint determined with the mathematical model. The results were validated through numerical simulation.
INTRODUCTION
The operation of new biotechnological plants designed to obtain added value products or to treat waste effluents is largely based on modern control techniques.
Within these processes, a new class, often used lately, of biotechnological processes, emerges which consists in microalgae cultivation in photobioreactors (PBRs). These photosynthetic microorganisms use light as source of energy and organic and/or inorganic carbon for their growth. They have many applications, for example in the production of metabolites for industrial or therapeutic use (long chain polyunsaturated fatty acids, pigments, polycarbohydrates, vitamins or other active biological components), in the production of third generation biofuels and in the biomitigation of CO 2 (Lam et al., 2012) . Despite their obvious and proved interest, industrial applications are rare. The industrial sector of microalgae is under construction and its success strongly depends on the development of processes, taking into account their requirements. These issues, including modeling and control aspects, are frequently approached in literature at the moment (Bernard, 2011 , Tebbani et al., 2015 .
The paper deals with the control of a continuous PBR for microalgae cultivation under autotrophic conditions, using CO 2 as single carbon source, which is compatible with the use of the process in a waste to value concept, i.e. biomitigation of CO 2 produced by a combustion equipment. This equipment is part of a thermoenergetic plant used, for example, for the production of valuable biomass.
The paper is structured as follows: the subsequent section defines the control issue of the photobioreactor; section 3 deals with the control of light supply in the control structure proposed; section 4 deals with the optimization through extremum seeking techniques; and, finally, section 5 proposes two approaches for the replacing of the optimal controller (extremum seeking) through a control loop that operates in the optimal point (maximum) of the biomass yield. The paper ends with conclusions.
PROCESS DESCRIPTION, MODELING AND PBR'S CONTROL STRUCTURE
In autotrophic conditions, microalgae need light for their photosynthetic growth as energy source, CO 2 as carbon source, as well as mineral nutrients such as nitrogen, phosphate and sulfate sources. When the objective is to produce biomass in standard growth conditions, nutrients are provided in excess in the liquid phase; the dissolved CO 2 has also to be in excess, and this is achieved by increasing its transfer from the gaseous to the liquid phase. The CO 2 transfer, the dissolution and the consumption lead to pH modifications therefore, in order to maintain the optimal growing conditions, the pH is controlled by CO 2 supply.
If these aspects are common with other bioreactor systems, the light supply poses specific problems in terms of system design and operation. The light supply of PBR is provided by artificial or solar light. In artificial light conditions, the intensity of the incident light can be used to ensure optimal conditions for microalgae growth. Indeed, when light energy is either in excess or too low, the productivity declines. In addition, to ensure that the production of microalgae is economically competitive, the light energy should be reduced as much as possible, while ensuring high efficiency (Tebanni et al., 2014) .
The mathematical modeling of the PBRs is an active research topic approached by various authors (Cornet and Dussap, 2009; Fouchard et al., 2009; Takache et al., 2010; Pruvost et al., 2011; Bernard et al., 2011; Ifrim et al., 2013, etc.) . The resulted models are represented by a set of nonlinear ordinary differential equations which are coupled with algebraic equations in order to describe the main physicochemical phenomena occurring in the liquid medium as well as their coupling with biological phenomena governed by the available light. The photon flux density into the liquid medium is expressed using radiative-transfer models (Pottier et al., 2005 ).
The dynamic model used in this paper has been developed by the authors in a previous work. It describes the photoautotrophic growth of microalgae in a planar photobioreactor and has been validated on Chlamydomonas reinhardtii cultures. For further details the reader is referred to (Ifrim el al., 2014; .
The mass balance model of a photobioreactor for the main species in liquid and gaseous phases (including, substrates, products and biomass concentration) is given by the general matrix representation (Bastin and Dochain, 1990) : ] is the term of exchange between the gaseous and the liquid phases, = 0 0 0 0 2 2 ] is the mass supply in gaseous phase. is the dilution rate. (. ) is the photosynthetic growth rate, which is related to the state of the system and the inputs, as follows:
in which is the PBR's depth (between 0 and L); 0 , s , and are constant parameters of the model. (pH) is a function varying between 0 and 1 that relates the algal growth to the pH of the culture . ( ) is the local irradiance, expressing the available light along the culture depth, , which is the energy source for the photosynthetic growth. It is determined using radiative models as functions of PBR's geometry, optical properties of the microorganisms and microalgae concentration. The present paper considers a planar single-side illuminated PBR. In these conditions, the irradiance distribution along the depth is given by the following model (Cornet and Dussap, 2009 ):
where 0 is the incident light expressing the photon flux density at = 0, = √ ( + 2 ) ⁄ is the linear scattering modulus, and are the mass absorption and mass scattering coefficients and is the backward scattering fraction (seen here as constant parameters of the model).
The global photoautotrophic growth model is given by a system of 16 differential-algebraic equations (DAE): 6 ordinary differential equations for , 2 algebraic equations related to the gaseous system (the molar fraction of N 2 , N 2 , in the output gas, ) and (Ifrim el al., 2014; . Fig. 1 shows the I/O representation of the PBR, with three input variables (the dilution rate, , incident light intensity, 0 , and the CO 2 feeding flow rate, in CO 2 ) and four output variables (biomass concentration, , performance criterion, (see the following section), the local irradiance inside the culture, (z) and the pH).
Fig. 1. I/O representation of the PBR system
The three degrees of freedom provided by the input variables can be employed to set three requirements for the control of the PBR: -to provide specified profile for the irradiance, ( ), which corresponds to an efficient use of the energy resource in the photosynthetic growth process. The variable ( ) is controlled to the desired setpoint through the control of the incident light intensity, 0 ; -to determine a pH value which provides the maximum volumetric growth rate. This requirement can be reached through the control of CO 2 feeding flow rate, CO 2 .
-to maximize the biomass productivity using as control variable. In continuous operation of the PBR, the biomass productivity is expressed as: = · (4) and can be used as a criterion to be solved in an optimization problem with as control action.
If the power consumption for providing light is considered, the performance criterion can be evaluated with the following relation:
= · − · 0 (5) where is a weighting coefficient that also renders the consistent formulation in terms of dimension.
In conclusion, the PBR's control system includes: a) an optimization loop of the criterion , through the dilution rate, ; b) a pH stabilization loop to a specified setpoint (e.g. pH = 7.5), through the control of CO 2 feeding flow rate, CO 2 . c) a loop for the lumostatic control (e.g. specified irradiance profile) through the incident light intensity, 0 . The pH control loop has been discussed in a previous paper (Ifrim et al., 2013) and therefore the focus is kept on the lumostatic control, the PBR's optimization and the control of the entire photobioreactor. 
CONTROL OF THE LIGHT SUPPLY
As mentioned before, the photosynthetic growth is governed by the available light into the culture bulk, which is heterogeneously distributed. The control of the available light through the incident light flux can be performed via two approaches as follows.
a) The first approach uses the control of the average local irradiance along PBR's depth,
. An example of the evolution of the closed loop system with a classic controller is presented in Fig. 2 . After a very fast initial evolution that brings the variable near the setpoint, it follows a slow variation of 0 which compensates the attenuation produced by the biomass growth. b) In the second approach, the control of a variable which reflects the ratio between the illuminated distance along the incident radiation and the PBR's depth is considered. Giving the expression of the kinetic rate (2), one may notice that there is a radiant light energy (called compensation point, ) for which photosynthesis (positive term of (2) compensates the respiration (negative term of (2)), the two antagonist phenomena occurring simultaneously. Based on this value, the culture broth can be divided in two zones: one with positive growth (light zone) and one with negative growth (dark zone). Thus, a ratio (noted ) between the light zone and the total volume of the reactor can be defined (Takache et al., 2010) . is a constant that depends on the species of microorganisms. For a given incident light flux, the case when < (represented by the dotted line in Fig. 3 ) is obtained when is high (dense cultures) and the absorption of the biomass radiation is very important. The segment ( , ] along coordinates represents the dark zone in which the "negative growth" occurs, reducing the algal biomass concentration inside the PBR volume. Obviously, this situation must be avoided through the increase of the incident light flux, 0 . The case in which > (represented by the dotted line in Fig. 7 ) means that the incident light is in excess. Such a situation is obtained when the incident irradiance, 0 , is high and can be considered unsuitable from an energetic consumption point of view. More important, when light energy is in excess, the inhibition phenomena appear leading to the decline of the microalgae growth. A particular situation (optimal) is when = , i.e. all points inside the culture medium contribute to the cells development. This case is represented with a continuous line in Fig. 3 . Subsequently, the control of the unitary value of the variable = ⁄ is considered, where:
For the microorganisms in the PBR under study, G c = 5 [µmol photon/m 2 /s] was selected (Tebbani et al., 2014) . ]. If control loop would not exist, at a constant level of 0 , then the increase of the dilution rate would lead to a decrease of the biomass concentration inducing reactor washout (instable operating point). In the presence of the light control loop, when the dilution rate increases, the controller of supplies a high value of the biomass in steady-state regimen (Fig. 4.c) , to avoid the previously mentioned situation. This control is performed through the increase of the incident radiation, 0 (Fig. 4.d) . A good situation is obtained when the increase of the dilution rate is accompanied by the biomass increase and, obviously, by the productivity increase of the PBR (Fig. 4.b) . As illustrated before, the control of the light gradient into the culture bulk is an efficient strategy for the increase of biomass productivity and for ensuring the process stability. Nevertheless, the controller performances are limited by the constraints on 0 .
Regarding the control scheme, the following conclusions can be drawn: a) the setpoint does not have an accurate phenomenological justification and, as a result, uncertainties could exist in its establishing. b) In exchange, the setpoint of has a phenomenological justification and provide a regimen which can be considered "optimal" for the light supply. The tuning of controller is more difficult than in the case of the controller of , since the controlled processes in the two cases have different properties. As the paper's objective is to design an adequate structure for the optimization of the approached process, performances of the light supply loop can be improved with more performant control algorithms (Mairet et al., 2015) .
OPTIMIZATION OF THE PHOTOSYNTHETIC PROCESS THROUGH EXTREMUM SEEKING METHOD
In the previous section the dilution rate has been operated in open loop, at constant levels. This section focuses on the optimization loop of the criterion (equation 5) through the dilution rate, . A classic optimization method is the one which uses the extremum seeking procedure (Dochain et al., 2011) . Recently, this procedure has been presented by the authors in the optimization context of bioprocesses (Wang et al., 1999; Caraman et al., 2015) . Consequently, it has been considered as a starting point in the optimization of PBR. Fig.  5 presents the principle scheme of the extremum seeking method. 6 illustrates the operating mode of the optimizer with respect to the extremal steady-state characteristic (dotted line) of PBR. After the exhaustion of the start dynamic regimen, the PBR's operating point is in A, followed by the moving of the operating point triggered by the optimizer up to B, where a step variation is applied to the input variable, CO 2 . In this case, the process continues on another extremal steady-state characteristic and the operating point moves from B to C. Further on, the optimizer searches the optimal regimen corresponding to the new situation, moving the operating point to the right, up to D. The result visible in Fig. 6 is obtained when the signal · ( 0 ) has a very low frequency to which the process is considered as a system with a practically null phase characteristic. In this case, the duration of the optimization process is unacceptably high. Fig. 6 . The optimal trajectory of the process It is necessary to increase the frequency of the sinusoidal signal in order to reduce the searching time of the extremum. In this case, the phase shift introduced by the process at the frequency 0 is important and the displacement of the average operating point towards the optimal regimen is done through trajectories in the D-I plan of loop shape as it is shown in Fig. 7 and 8 . Fig. 7 2016 June 6-8, 2016 The segments AB, CD and EF correspond to relative fast dynamic regimens, such as step variations of CO 2 . It can be noticed that for the moment t 1 the current operating point is thrown in the area of the optimal regimen corresponding to the second interval. The following parameters of the optimizer were used in the simulation: Fig. 8 illustrates the results obtained in a scenario in which the extremum seeking algorithm tracks the optimum point when an exogenous variable (light incident flux -0 ) has a slow variation. The first part of the trajectory in the D-I plan (blue line in Fig. 7 ), starts from a far initial point in relation with the optimal point and it corresponds to a constant incident irradiance, 0 = 300 [µmol photon·m -2 ·s
-1 ] -the pH control loop being active. After the optimal regimen was obtained, a slow decrease of the incident light flux was applied, up to 120 [µmol·m -2 ·s
-1 ]. The trajectory that tracks the modification of the optimal regimen is marked with red. In comparison with the previous simulation, only one modification of the optimizer's parameters was done, i.e. S = 0.0006 [h -1 ]. The following conclusion can be drawn, based on a large number of tests: the PBR optimization through extremum seeking method is theoretically possible but with poor performances which severely limit its applicability. This assessment is determined by four factors: the long duration to reach the optimal regimen due to the very slow dynamics of the process, the difficulty to tune the optimizer, the reduced precision to reach the optimal regimen due to the fact that the trajectory of the operating point has the shape of loops which are wrapped on the extremal characteristic of the process and -last but not least -the high sensibility of the optimization algorithm with respect to the noise.
PBR's OPTIMIZATION THROUGH BIOMASS STABILIZATION TO AN OPTIMAL SETPOINT
To increase the efficiency of the extremum seeking optimization procedure, an alternative solution is proposed. Let's assume that the pH control at the setpoint pH ref = 7.5 provides the optimal regimen for the biomass growth, and the control loop of the irradiance operates within the radiative subsystem. In order to determine the optimal setpoint of the biomass control loop, two steady-state characteristics are drawn: the extremal one, = ( ), and the characteristic = ( ), when both control loops of pH and operate. These characteristics are presented in Fig. 9 .a and b. To determine the optimal setpoint of the biomass control loop one can read in the graph the optimal value of the dilution rate, , and then, considering this value in the steady-state characteristic = ( ), the biomass optimal value corresponding to the optimal regimen, , is obtained. Further on, the stabilization to the setpoint = is provided through a biomass control loop.
When
control loop is active to a unitary setpoint, the determination of the optimal setpoint is performed similarly. Important interactions are in the first two loops, the third being much faster. Fig. 11a and b illustrate the variations of the outputs of the two loops. There can also be noticed the evolutions in anti-phase of the biomass X and . -CAB, 2016 June 6-8, 2016 . NTNU, Trondheim, Norway related) which provide a constant concentration of PBR's influent determine the "immobilization" of the extremal characteristic with respect to the significant exogenous variables, CO 2 and 0 . Thus, the extremal search can be transformed in a stabilization problem of the biomass X to an optimal setpoint through the dilution rate. In these conditions the modification of CO 2 flow due to the dynamics of the combustion plant does not affect the PBR's optimal regimen. The simulation results in this new approach are similar to the ones presented in Fig. 11 .
CONCLUSIONS
The present paper proposes a control scheme of PBR. It includes the pH control of the setpoint with the intent to provide the optimal regimen for the thermodynamic subsystem, maximizing the biomass growth and the light supply control for optimal growth. Two stabilization solutions are formulated for the light supply loop. They involve the maintaining of the subsystem in a regimen considered appropriate in terms of the average irradiance control or of the subsystem being brought in an optimal regimen by the controlling of the light fraction to a unitary setpoint. The second solution is the most advantageous. On the same note, an optimization solution has also been proposed.
In this context a realistic evaluation of the performances of the extremum seeking algorithm to optimize the photobioreactor operation was performed. This approach was possible but with poor results. Two alternative solutions were proposed to replace the extremum seeking optimizer through a biomass control loop to an optimal setpoint.
